Introduction
The DLVO theory (1, 2) states that the total interaction force (F t ) between two lyophobic particles in a medium can be expressed as a sum of the electrical double-layer force (F e ) and the van der Waals force (F d ) as follows:
However, direct measurement of surface forces conducted in aqueous media showed the existence of forces not considered in the DLVO theory. These include the hydrophobic and hydration forces. The former was observed with mica and silica surfaces coated with surfactants (3, 4, 5) , while the latter was observed with silica surfaces (6-10) and lecithin bilayers (11) . Derjaguin and Churaev (12) suggested, therefore, that the DLVO theory is applicable only to those colloidal particles whose water contact angles (θ) are in the range 15 o -64 o . When θ is outside this range, the DLVO theory may be extended to include the contributions from the extraneous forces, as follows:
where F s represents the hydrophobic or hydration force, which are collectively referred to as structural force.
Rabinovich, et al. (6) measured the surface forces between glass fibers in KCl solutions to show the existence of hydration force with a decay length of 0.85 nm. The results showed also that the hydration force decreases with increasing electrolyte concentration. Similar results were obtained by Peschel, et al.(7) , who conducted force measurements between polished silica plates in different electrolyte solutions. They showed that decay length decreases with increasing electrolyte concentration, and that the decrease becomes more significant in the order of KCl<NaCl<LiCl. The authors suggested that the difference in the chemical potentials of the Li + ions at the surface and in the bulk of water is small, as compared to those for Na + . Despite the considerable hydrophobicity, the silica surface exhibited hydration forces at distances less than 3 nm. Later work by Grabbe and Horn (9) showed that hydration force changes little with the changes in surface treatment and electrolyte concentration.
The measured hydration forces could be fitted to a double-exponential function of the form: exp exp [3] with C 1 =140 mJ/m 2 , C 2 =5.4 mJ/m 2 , D 1 =0.057 nm and D 2 =0.57 nm. Ducker et al.(10) used an atomic force microscope (AFM) to measure the surface forces between silica sphere and silica plate in NaCl solutions, and observed hydration forces at H<15 nm.
The existence of hydration forces may be useful for explaining the difficulty in predicting the stability of silica suspensions using the DLVO theory. It has been shown that very high concentrations of electrolyte are needed to destabilize Ludox silica suspensions particularly at low pHs where the particles exhibit low ς-potentials (13). Watillon and Gerard (14) ascribed the exceptional stability of silica suspensions to the 'steric barrier' created by the immobilized monolayer of water molecules on the surface.
Unlike silica, direct force measurements conducted with mica surfaces exhibit no hydration forces in pure water. At electrolyte concentrations higher than approximately 10 -3 M, however, mica surfaces showed extra repulsion at short separation distances (15, 16) . This is believed to originate from the excess work required to displace the water molecules from the hydrated cations that are adsorbed on mica surfaces. Since the extra repulsion is caused by adsorbed cations, rather than the inherent property of mica, it is referred to as 'secondary hydration' force. The hydration force observed with silica, on the other hand, is caused by the inherent property of the solid; therefore, it is referred to as 'primary hydration' force (17 , which is the opposite of the series exhibited with the primary hydration force.
It is interesting that the secondary hydration forces observed with mica are oscillatory with a periodicity of roughly the diameter of water molecules (16, 18) . The authors suggested, therefore, that the hydration forces are due to ordered layering of the water molecules on the surface.
However, the hydration forces observed with silica are monotonic, indicating that there are possibly no ordered layers of water molecules on silica. It is possible, on the other hand, that the oscillation may smear out on silica surface due to its roughness, even if there exists a well-defined water structure in the vicinity of silica surface (19) . Nevertheless, the lack of oscillations plus the fact that the measured hydration forces are time-dependent led Vigil, et al. (20) to believe that the primary hydration forces are due to the steric repulsion between the silicic acid hair formed on the surface. That the hydration force decreases in electrolyte solutions has been attributed to the collapse of the silicic acid hair due to charge neutralization or double-layer compression. More recently, Yaminsky, et al (21) showed that the surface forces measured with silica vary widely depending on the methods of preparing the surface.
With an aim to further study the origin of the primary hydration force, we conducted direct force measurements between fully hydroxalated silica plate and glass sphere in aqueous solutions containing various organic solutes. The measurements were made using a Digital Instruments Nanoscope III atomic force microscope. It was shown earlier by one of us that the stability of silica suspensions decreases with increasing ethanol concentration (22 
Experimental

3.2a Sample Preparation
Optically smooth fused silica plates were obtained from Haraeus Amersil, Inc. They were 
3.2b Methods and Apparatus
A Digital Instruments Nanoscope III AFM was used to measure the forces between a silica plate and a glass sphere mounted at the tip of a cantilever. Standard triangular silicon nitride cantilevers were obtained from Digital Instruments Co. The stiffness of the cantilevers was measured by the technique of Senden and Ducker (24) . This consists of placing a heavy tungsten sphere on the cantilever tip, turning the cantilever upside down and measuring its deflection from the AFM signal. The glass spheres were mounted on the cantilever tip by means of a micromanipulator. The mounted spheres, equilibrated in NaOH solutions and Nanopure water as explained in the last section, were then transferred to a fluid cell for force measurements. Force measurements were conducted in Nanopure water and in solutions containing aliquots of ethanol, methanol, trifluoroethanol and pyridine. The radius of the glass spheres was measured using a Kontron SEM-IPS image processing system. represent silica and solution phases, respectively, and the surface potentials (ψ 0(∞) ) at infinite separation distances that were used to fit the data. Since the amounts of alcohol used in the force measurements were high, it was necessary to calculate the values of A 131 using the following expression (19): 
Results
where k is the Boltzmann constant, T the absolute temperature, ε 1 (=3.8) the dielectric constant of silica, ε 3 the same of the medium (see Table 3 .1), h the Planck's constant, ν e the UV absorption Cauchy plot (27) showed that its value is practically the same as those for water and ethanol. In using Eq. [4] , ν e was substituted by the arithmetic mean (3.1x10 On the other hand, the data obtained in ethanol solutions fit the charge regulation model with ψ 0(∞) =-60 mV, κ -1 =176 nm at 10% ethanol; and ψ 0(∞) =-59.3 mV with κ -1 =196 nm at 20% ethanol.
As shown, the forces measured at distances below approximately 10 nm are larger than predicted by the DLVO theory. The extraneous repulsion at short distances may be due to the hydration force, which apparently decreases with increasing ethanol content in water.
In order to estimate the changes in magnitude of the hydration force, the force data were fitted to the extended DLVO theory (Eq. [2] ), as shown by the solid lines in Figure 3 .1. Eq. [2] includes the double-exponential force law (Eq. [3] ) to represent the hydration force. The hydration force measured in Nanopure water can be fitted to Eq. only the data obtained at large separations can be fitted to the theory, as is the case with the force curve obtained in Nanopure water, which is also shown in Figure 3 .3 for comparison. The data obtained in both the TFE and pyridine solutions were fitted to the constant charge model with the parameters given in Table 3 .1. The value of A 131 that was used to fit the data obtained in 10%
TFE solution was assumed to be the same as that in 10% ethanol solution due to the lack of appropriate information. On the other hand, the data obtained in the 2% pyridine solution were fitted to the DLVO theory with the value of A 131 that is the same as that of water.
The force data obtained at short separations have been fitted to the extended DLVO theory,
shown by the solid lines in Figure 3 .3, with the hydration force parameters given in Table 3 .2.
Note that D 2 values obtained in TFE and pyridine solutions are close to that obtained in Nanopure water. The hydration force does not change significantly in these solutions, as shown by the force curves given in the inset of Figure 3 .3. Also, similar to the results obtained in Nanopure water and ethanol solutions, no adhesion forces were observed between silica surfaces when they were separated from contact in both TFE and pyridine solutions.
Discussions
The values of ψ 0(∞) for silica, listed in Table 3 .1, suggest that the surface potential does not change significantly in solutions containing varying quantities of alcohol, TFE, and pyridine. This is consistent with the observations of Kosmulski and Matijevic (26) obtained for the 10% TFE solution is smaller than those for solutions containing methanol and ethanol, which may be attributed to the fact that the former is more acidic than the latter. (28), the autoprotolysis constant (pK auto ) (29) , and the pK w for water. TFE is known to be a weaker base than ethanol because of the three electronegative fluorine atoms; however, its pK b is not known. The pK b value for pyridine was calculated from its pK a value (28) and the pK w for water. Pyridine is basic because of the lone pair of electrons on the nitrogen atom. The basicity increases upon going down the table, i.e., TFE is probably the least basic and pyridine is the most. The fact that the measured hydration force decreases in the presence of organic solutes suggests that it is not due to the asperities or roughness of the silica surface. A similar suggestion was made by Meagher (30) , who observed that the hydration force between silica surfaces disappears in 0.01 M CaCl 2 solution at pH 10.3. If it is assumed that the hydration force is a result of steric repulsion between silicic hairs on the silica surfaces, it is possible to attribute the observed disappearance to the collapse of the hairs due to the charge neutralization (19, 31) 
where z is the valance of the cation under consideration and r is its radius.
Since the solutes used in the force measurements conducted in the present work are nonionic, it is difficult to suggest that the silica hairs collapse due to charge neutralization or doublelayer compression. It is also difficult to believe that the polymer-like hairs collapse (or retract) due to the poor solvent property of water. Furthermore, there seems to be no correlation between the values of the dielectric constants (ε 3 ) of the different solutions used in the force measurements and the decay lengths of the measured hydration forces. One possible explanation may be that the methanol and ethanol dehydrate silica surfaces and subside swelling, which has been considered to be a cause for the extraneous repulsion observed with silica surfaces.
Perhaps the most likely explanation for the decrease in the extraneous repulsion observed in the present work may be that the water structure in the vicinity of silica surface changes significantly in the presence of the solutes that give lower D 2 values. It is possible that some the solutes specifically adsorb on the surface of silica and cause changes in the structure of the vicinal water. Kosmulski and Matijevic (26) showed that the iso-electric point (i.e.p.) of silica shifts from water and the alcohols which are given in Table 3 .2.
Recall that the hydration force disappears completely at 15% methanol, and that the force curve can be fitted to the DLVO theory perfectly. The disappearance of the hydration force in 15% methanol solutions may be attributed to the changes in the hydration layer in the vicinity of silica, which in turn was caused by the adsorption of methanol. The fact that the pK b (=15.2) of methanol is smaller than that (pK b =15.7) of water supports this view. That the pK b difference between the two is relatively small may explain the fact that a relatively high concentration of methanol is needed before the hydration force disappears completely. There are additional thermodynamic data indicating that water can be displaced by methanol, which is an essential part of the adsorption mechanism. Microcalorimetry studies (33) conducted on the adsorption of water and methanol from vapor phase showed that heats of adsorption are in the range of 25-45 kJ/mol for water and 55-65 kJ/mol for methanol. Clearly, methanol has a higher affinity than water for the silica surface.
The pK b values of Table 3 .2 show that ethanol is less basic than water. If the adsorption mechanism is controlled only by the acid-base interaction, ethanol should not adsorb on silica.
Jones and Mill (34) showed, however, that ethanol does adsorb on silica from solution.
Therefore, there must be mechanism(s) other than the acid-base interactions controlling the adsorption process. One possibility may be that the hydrocarbon chains associate with each other, which should contribute to the increase in the negative adsorption free energy. It seems, nevertheless, that the driving force for the adsorption process is weak. According to Jones and Mill, its adsorbability is comparable to that of water, which is probably the reason that the hydration force does not disappear completely at high concentrations of ethanol.
At 2% pyridine, the hydration force does not change significantly from that observed in Table 3 .2. This finding suggests that TFE does not adsorb on silica, most probably due to its acidity. As has been noted, TFE should be more acidic than ethanol because of fluorine substituting hydrogen.
Conclusions
The results presented in this communication strongly suggest that the short-range repulsive forces observed with silica in Nanopure water is due to the hydration force. This may be attributed to the likelihood that silica is one of the most strongly hydrated solid judging from the small size and the formal charge of the Si 4+ cation as explained earlier. In solutions containing methanol and ethanol, the silica surface may be dehydrated, resulting in a decrease in the hydration force. Another consequence of the dehydration is that the swelling of silica is reduced, which should also result in a decrease in the extraneous repulsion observed at short distances. In a recent communication by Ninham and Yaminsky (37) , it was suggested that the non-DLVO forces, including hydration force, are due to the specific interactions involving ions at interfaces.
They suggested further that the specificity can be accounted for by dispersion interactions. This explanation may be applicable to the secondary hydration forces observed at high electrolyte concentrations. In the present work, however, hydration forces are observed in the absence of electrolytes; therefore, the Ninham and Yaminsky's approach may not be applicable for the primary hydration forces observed with silica.
The discovery that short-chain alcohols reduce the hydration forces associated with silica may be extended to explaining the intoxication of humans by these substances. The alcohols may interact with lipid membranes and reduce the hydration forces, which may be the cause for the intoxication. Spectroscopic analysis of lipids membranes treated with alcohols show evidence for the displacement of bound water (38, 39) . According to the force data obtained in the present work, methanol should be more intoxicating than ethanol.
